The various functional systems undergo different changes during the rapid eye movement period (REM) and stages 1-4 of non-REM (NREM) sleep. Many observations have shown that although muscle tone and reaction to sensory stimuli are preserved in all stages of NREM sleep, they are abolished during REM sleep. 1 Different reflexes are used as indicators of central nervous system function during sleep. Animal studies have shown that monosynaptic and polysynaptic spinal reflexes, when compared with wakefulness, are more stable during synchronized sleep, whereas during desynchronized sleep both are either greatly depressed or abolished for long periods and the thresholds for evoking the reflexes are increased. 2 In human subjects, the reflexes with a double component evoked during sleep showed an increased latency and duration of the second component, while the first component of the reflex was absent. 3 The absence of the first component was also observed in children. 4 However, the second reflex component was depressed in both NREM and REM sleep. 4 A progressive decrease in the amplitude of the H reflex during stages 1-4 of NREM, and abolition during the REM period has also been reported. 5, 6 It has been shown that the Babinski sign is present in half of normal subjects during NREM sleep, whereas both this reflex and the plantar flexion reflex are depressed during REM sleep. 7 The aim of this investigation was to examine the effects of the different sleep stages on the nociceptive flexion reflex in normal volunteers. There are two components of the lower limb cutaneous flexion reflex; the first (RII) is tactile while the second component (RIII) is a nociceptive polysynaptic reflex. 8 Moreover, there is evidence of a strong correlation between the RIII threshold and the subjective pain threshold. 8 For this reason the method described herein is considered a useful tool for exploring pain control systems in humans.
INTRODUCTION

SEVERAL STUDIES HAVE SHOWN THAT SLEEP AND WAKEFULNESS DIFFER MAINLY IN THEIR VIGILANCE PROFILES OR READINESS OF ALL SYSTEMS TO PER-FORM A FUNCTION.
The various functional systems undergo different changes during the rapid eye movement period (REM) and stages 1-4 of non-REM (NREM) sleep. Many observations have shown that although muscle tone and reaction to sensory stimuli are preserved in all stages of NREM sleep, they are abolished during REM sleep. 1 Different reflexes are used as indicators of central nervous system function during sleep. Animal studies have shown that monosynaptic and polysynaptic spinal reflexes, when compared with wakefulness, are more stable during synchronized sleep, whereas during desynchronized sleep both are either greatly depressed or abolished for long periods and the thresholds for evoking the reflexes are increased. 2 In human subjects, the reflexes with a double component evoked during sleep showed an increased latency and duration of the second component, while the first component of the reflex was absent. 3 The absence of the first component was also observed in children. 4 However, the second reflex component was depressed in both NREM and REM sleep. 4 A progressive decrease in the amplitude of the H reflex during stages 1-4 of NREM, and abolition during the REM period has also been reported. 5, 6 It has been shown that the Babinski sign is present in half of normal subjects during NREM sleep, whereas both this reflex and the plantar flexion reflex are depressed during REM sleep. 7 The aim of this investigation was to examine the effects of the different sleep stages on the nociceptive flexion reflex in normal volunteers. There are two components of the lower limb cutaneous flexion reflex; the first (RII) is tactile while the second component (RIII) is a nociceptive polysynaptic reflex. 8 Moreover, there is evidence of a strong correlation between the RIII threshold and the subjective pain threshold. 8 For this reason the method described herein is considered a useful tool for exploring pain control systems in humans.
MATERIALS AND METHODS
Six healthy volunteers, two women and four men, aged 24-32 years, were studied. They were recruited from members of the hospital staff, excluding those who worked in the laboratory where the experiment was carried out. According to the history and medical examination subjects with medical or psychiatric illness were not accepted for testing. Likewise, those who had used drugs of any kind in the month preceding the testing session were excluded. The purpose of the study and the procedure were explained and informed consent was obtained from each subject according to the principles of the Helsinki convention. None had a history of sleep disturbances. They arrived in the laboratory around 23:00 P.M. after having spent a normal working day, and without having drunk coffee or alcohol that day. The subjects lay down on a comfortable bed in their usual position most conducive to sleep and were asked to sleep as normal. The room was dark and free of auditory and visual distractions. No drugs were used to induce sleep and examinations began after the subject had fallen asleep. All subjects had an adaptation night one day before the experiment and were asked to avoid any sleep deprivation or changes in the night/day schedule during the two weeks preceding the recording session.
The sleep stages were monitored by means of continuous allnight polysomnographic standard central and occipital EEG recording (international 10/20 system), including eye movements (electrooculogram), chin muscle tone (electromyogram), electrocardiogram and respiration rate monitoring. The analysis of conventional sleep parameters was based on the standard guidelines using 30-second epochs, 9 while arousal parameters were scored according to the AASM rules. 10 Only the REM and stages 2, 3, and 4 of the NREM periods were considered. Stage 1 of NREM sleep was not used for our examinations because it is too short, and moreover because stimulations during this stage might have awakened the subjects.
The nociceptive flexion reflex was investigated according to a method described elsewhere. 8 Briefly, the sural nerve was stimulated percutaneously at the ankle. Stimulation consisted of a volley of 1 msec square wave pulses, at 300 Hz of internal frequency delivered over 20 msec. A constant-current stimulator was used and the intensity of the stimulus (mA) was measured using an amperometer. The stimuli were delivered randomly every 5 to 15 seconds in the basal recording and during the NREM and REM sleep over the period required to obtain RIII threshold values. This type of stimulation was chosen to avoid facilitation phenomena related to anticipation as well as habituation to the stimuli. Muscle responses (RIII reflexes) were recorded from the biceps femoris muscle (capitis brevis) by means of surface electrodes. The RIII reflex threshold was defined as the intensity of stimulation eliciting a response with a probability of 80-90% during a series of 10 stimuli. The latency (msec) was defined as internal between the stimulus and the beginning of the muscular response. In order to reduce the effects of fluctuation the mean values of at least 7-10 responses in each sleep phase were considered. RIII reflexes were studied before the subjects went to sleep and then again during stages 2, 3, and 4 of NREM sleep and during the REM period.
A preliminary basal session (duration 15-20 minutes) was carried out one day before the recording session to familiarize the subjects with the procedures. Subjects showing abnormal values of the RIII threshold and/or of the ratio between the subjective pain threshold and the reflex threshold were not enrolled in the study.
The EEG and EMG recordings were assessed by two separate examiners, each of whom was blind to the findings of the other examination.
Significant changes in the threshold and latency of the RIII reflex during different stages of sleep were assessed using paired t-tests. For control of Type I error, Bonferroni's correction for multiple 10 comparisons was applied to α=0.05, thus yielding a corrected significance threshold of α<0.005. In order to evaluate a possible time-of-night effect and cumulative effect of stimulation, the existence of a correlation between the electrophysiological values and time was assessed by Spearman's correlation.
Effects of Sleep on
RESULTS
Polysomnographic recordings revealed normal nocturnal sleep characteristics for all volunteers. The main sleep measures (mean±standard deviation) are summarized in table 1.
Following the electrical stimulation delivered to evoke the flexion reflex, none of the subjects showed polygraphic signs of awakening to meet standard criteria for wakefulness according to Rechtschaffen & Kales' rules. 9 Besides even if as minor and adjunctive criteria it has to be pointed out that none behavioural aspects of wakefulness (i.e., blinks, global body movements, etc.) was also detected by means of direct observation from the experimenter. In addition, three subjects who cried out as the stimuli were being applied during REM sleep showed no signs of awakening according to previous criteria. Following the AASM scoring rules, 10 transient arousal polysomnographic signs were detected in all of our subjects. These consisted of an abrupt change in EEG frequency, which includes alpha and beta frequencies greater than 16 Hz associated with a concurrent increase in submental EMG amplitude, when they occurred in REM sleep; the EEG frequency shift being three seconds or longer in duration. When they awoke at the end of the night's session of observations, none of the subjects had any recollection of the stimuli or of having experienced pain during their sleep.
As compared with the control values, there was a significant (p=0.003) increase in the RIII reflex threshold during stage 2 of NREM sleep (Figure 1 ). It showed a further small increase during stage 3 of NREM sleep. It was significant (p=0.005) as compared with baseline values. During stage 4, although there was no further increase in the RIII reflex threshold it remained higher (p=0.005) than control values. During NREM sleep the reflex threshold showed an increase of 60%. During REM sleep there was a further significant (p=0.002) increase in the reflex threshold, as compared with stage 4 of NREM sleep. In fact, the reflex threshold was 167% higher than the values recorded during stage 4 of NREM sleep, and 207% higher than the baseline values recorded before sleep.
No change in the latency of RIII occurred during the stages 2 and 3 of NREM sleep, whereas it was significantly (p=0.001) prolonged during stage 4 of NREM sleep (Figure 2 ). There was a further significant increase (p=0.004) during REM sleep compared with previous stage. Moreover, in this stage, the reflex was enlarged (Figure 3 ). The reflex duration was so prolonged, that it could not be recorded in its entirety. No statistically significant correlation between time-of-night and RIII reflex threshold and latency values was observed. Also comparing REM-related responses obtained late (in the second half of the night) to REMrelated responses acquired in the first half of the night revealed no significant differences (i.e., REM-related responses late in the night were matched by REM-related electrophysiological responses obtained early in the night).
DISCUSSION
None of the subjects was awakened by the electrical stimulation. Similar findings have been reported in previous studies, but with regard to stimulation of the IA group afferent fibres. 2, 5 Surprisingly, when the strength of the stimulation delivered to III group afferent fibers was around the threshold of RIII reflex, which was disturbing enough to make some of them cry out in their sleep, the subjects were not awoken. Indeed, the polysomnographic signs did not last long enough to meet standard criteria for wakefulness according to Rechtschaffen & Kales' rules. 9 Besides according to direct observation from the experimenter these subjects did not seem to reach, from a behavioral point of view, a reasonably alert state of awareness of environment; the occurrence of which is necessary for the definition of awakening. 11 Our results in adult subjects confirm previous findings of an increased threshold of the second flexion reflex component during NREM sleep in children over 12 months of age. 4 In newborn infants, the polysynaptic reflexes persist regardless of the waking state, probably due to the immature central nervous system. 4 During NREM sleep, a prolonged latency and decreased reflex response have also been reported in children. 4 The RIII reflex latency was also prolonged in our subjects, whereas the reflex was enlarged. Moreover, our observations during REM sleep differ considerably from those reported in children. Although there was a significant increase in the RIII reflex threshold during stage 2 of NREM sleep, this was a more evident finding during REM sleep. By contrast, in children there was a decreased threshold with an enlarged reflex response and normal latency during REM sleep. 4 It is likely that such differences between children and adults are connected to the well-known changes in sleep patterns with age. On the other hand, polysynaptic reflexes also change with age.
The increase in RIII threshold during the sleep is in agreement with the circadian variations of the human flexion reflex; 12 the highest values of the reflex threshold were found at midnight, just before sleep. 12 However, no significant variation of the RIII reflex threshold related to the time of night could be observed in our study; also the absence of differences between REM-related responses acquired in the first and in the second half of the night emphasise that no role is played by time of night and that the stage of sleep is the only factor affecting RIII electrophysiological responses.
The nociceptive flexion reflex is controlled by multiple systems including endogenous opioids, 13 the serotonergic bulbospinal descending pathways 14, 15 and the pontine reticular formation involved in the sleep/wake cycle. 4 The supraspinal serotonergic system was found to influence both the nociception and the flexion reflex threshold. 14, 15 The opiate-receptor/endorphin system is thought to play a role in the regulation of sleep. 16 If the endorphin concentrations increase during sleep, and moreover during REM sleep, they may cause an increase in nociceptive reflex threshold. Opiate receptors involved in the production of analgesia are located in both the brainstem and the dorsal horn of spinal cord. 17 Thus, a direct depressant effect at spinal level on nociceptive flexion reflex seems plausible. 4 However, the role of the endorphin system in the regulation of sleep has provoked considerable debate. 18 Moreover, existing evidence indicates that endorphin plasma levels do not correlate with the flexion reflex circadian variations and possibly play a minimal role in tonic reflex modulation. 12 The descending supraspinal serotonergic pathways have an important role in the modulation of sleep. 19, 20 Monoaminergic and cholinergic influences are believed to exert reciprocal control on REM sleep. 21 Thus, the increase in the nociceptive reflex threshold during sleep might be related to withdrawal of the brainstem serotoninergic excitatory influences. 22 Studies in animals have shown that during REM sleep there is a tonic hyperpolarization of spinal motoneurons and a decrease in motoneuron excitability due to glycine mediated postsynaptic inhibition. 23 A markedly decreased motoneuronal excitability during REM sleep was also found in humans. 24 The motoneuron inhibition is believed to be performed by brainstem spinal cord inhibitory systems activated during sleep. 25 However, it has also been suggested that the suppression of Babinski's sign 7 and the H-reflex 6 during REM is mediated by supraspinal descending pathways through increased presynaptic inhibition of IA afferents to the spinal cord. 2 An alternative hypothesis is that a sleep-related withdrawal of brainstem monoaminergic excitatory influences contributes to motoneuron hyperpolarization. 22 Less straightforward is the interpretation of the prolonged reflex latency and duration during sleep. There have been previous reports of an increased reflex latency and prolonged duration during sleep 3 While the prolonged latency is probably due to the reduced reflex excitability, it is difficult to explain the prolonged reflex duration. Increased threshold, combined with prolonged reflex duration have been reported after functional isolation of the spinal cord from its descending projections. 26 Thus, reduced supraspinal control during sleep might explain the complex changes found in the RIII reflex.
During the REM stage supraspinal control is reduced, as it is in brain dead humans. 26 Therefore, it seems likely that other mechanisms contribute to the increase in RIII reflex duration. These mechanisms could be strictly related to those producing the increase in the threshold of the nociceptive flexion reflex. Temporal and spatial summation phenomena are probably needed to produce these changes in interneuron excitability. Temporal summation phenomena in polysynaptic pathways may produce a delayed response with an increase in amplitude and duration.
These mechanisms appear to be different in children. The threshold of the RIII reflex is increased during NREM sleep, whereas the duration is unchanged. 4 On the contrary, there is evidence to suggest that during REM sleep the RIII reflex threshold does not increase in children. Quantitative differences in the pattern of excitability between children and adults may account for the different findings in the two populations. In adults, only during the REM stage is the increase in the RIII threshold high enough to induce an increase in the duration of the reflex, while in the NREM stage the increase in the RIII reflex is less evident and the duration is not significantly increased.
These data indicate that different mechanisms are involved in inhibitory control during REM and NREM periods. Indeed, the pattern of inhibition of the threshold and duration of the nociceptive flexion reflex is different in the two sleep stages. It remains possible that an additional inhibitory effect arising from brain stem nuclei contributes to the suppression of the RIII reflex during REM sleep.
In conclusion, during sleep the excitability of spinal polysynaptic nociceptive reflexes is reduced. Although the reduction begins during stage 2 of NREM sleep, the greatest diminution occurs during REM sleep.
